We demonstrate that propagation direction and velocity of optical pulses can be controlled independently in the structures with multiscale modulation of the refractive index in transverse and longitudinal directions. We reveal that, in arrays of waveguides with phase-shifted Bragg gratings, the refraction angle does not depend on the speed of light, allowing for efficient spatial steering of slow light. In this system, both spatial diffraction and temporal dispersion can be designed independently, and we identify the possibility for self-collimation of slow light when spatial diffraction is suppressed for certain propagation directions. We also show that broadening of pulses in space and time can be eliminated in nonlinear media, supporting the formation of slow-light optical bullets that remain localized irrespective of propagation direction. DOI: 10.1103/PhysRevLett.97.233901 PACS numbers: 42.79.Gn, 42.65.Tg, 42.70.Qs, 42.79.Dj Photonic structures with a periodic modulation of the optical refractive index open novel possibilities for controlling the flow of light [1] . Transmission of optical waves is suppressed for a range of frequencies associated with photonic band gaps, which appear due to the Bragg scattering. The energy flow in propagating waves and, accordingly, their group velocity are gradually reduced as the gap edge is approached. Slowing down of light pulses was observed in fibers with Bragg gratings [2] . Most recently, reduction of the speed of light by a factor approaching 1000 was registered in coupled-defect waveguides in photonic crystals (see, e.g., Refs. [3] [4] [5] ). The speed of light can be adjusted dynamically by changing the refractive index and shifting the band gaps. Such tunability is achieved by a variety of methods, including recently demonstrated thermal control [3] . The group velocity and pulse delay can be tuned all-optically in nonlinear photonic structures, where the photonic band gaps are shifted by a pump wave or by the pulse itself [2] even at moderate powers due to enhanced efficiency of nonlinear interactions in the slow-light regime [6] . A very important advantage of this approach is that the nonlinearity can lead to pulse self-trapping and suppress its broadening due to dispersion [2] , overcoming the limitations of linear devices [7] .
Photonic structures with a periodic modulation of the optical refractive index open novel possibilities for controlling the flow of light [1] . Transmission of optical waves is suppressed for a range of frequencies associated with photonic band gaps, which appear due to the Bragg scattering. The energy flow in propagating waves and, accordingly, their group velocity are gradually reduced as the gap edge is approached. Slowing down of light pulses was observed in fibers with Bragg gratings [2] . Most recently, reduction of the speed of light by a factor approaching 1000 was registered in coupled-defect waveguides in photonic crystals (see, e.g., Refs. [3] [4] [5] ). The speed of light can be adjusted dynamically by changing the refractive index and shifting the band gaps. Such tunability is achieved by a variety of methods, including recently demonstrated thermal control [3] . The group velocity and pulse delay can be tuned all-optically in nonlinear photonic structures, where the photonic band gaps are shifted by a pump wave or by the pulse itself [2] even at moderate powers due to enhanced efficiency of nonlinear interactions in the slow-light regime [6] . A very important advantage of this approach is that the nonlinearity can lead to pulse self-trapping and suppress its broadening due to dispersion [2] , overcoming the limitations of linear devices [7] .
Efficient beam steering was demonstrated in photonic structures, where beam refraction and diffraction can be engineered. However, simultaneous control of pulse speed and its propagation direction is a challenging problem. For example, special design of waveguide bends is required for slow-light pulses [8] . Dynamical steering can be realized in periodic structures, where the propagation direction is not fixed by a prefabricated waveguide [9] . In such structures, the speed of light may be controlled through the band-gap shift similar to fixed waveguides. However, for previously studied symmetric 2D or 3D defect-free photonic-crystal structures, the beam refraction is strongly modified as the group velocity is reduced due to reshaping and shrinkage of the isofrequency dispersion curves near the gap edge [1] .
In this Letter, we demonstrate that the propagation direction and velocity of optical pulses can be independently controlled in photonic structures with multiple-scale modulations of the refractive index in transverse and longitudinal directions. We show that this regime can be realized in arrays of coupled waveguides with a transverse size of the order of micrometers. It was demonstrated that such modulation in the transverse spatial dimension fundamentally affects the beam refraction and enables tunable beam steering in nonlinear structures [10] . We reveal that, by introducing refractive index modulation along the waveguides satisfying the Bragg resonance condition at the operating frequency, it becomes possible to simultaneously slow down light pulses and perform their spatial steering. Additionally, we show how to engineer independently the strength of diffraction and dispersion in the slow-light regime, providing the optimal conditions for the nonlinear control of spatiotemporal pulse dynamics. In particular, we predict and demonstrate numerically the formation of strongly localized slow-light optical bullets in such structures, which overcome the issue of pulse broadening in linear systems. Suggested structures can be fabricated, for example, in AlGaAs samples, where the gratings and the waveguides can be defined simultaneously by use of a onestep electron-beam-based approach [11] .
We consider propagation of pulses whose frequency is tuned in the vicinity of Bragg resonance. Then the pulse dynamics can be modeled by a set of coupled-mode nonlinear equations [12] for the slowly varying envelopes of the forward (u n ) and backward (v n ) propagating fields in each of the nth waveguides. In the normalized form, these equations can be written as follows:
where t and z are the dimensionless time and propagation distance normalized to t s and z s , respectively, C is the coupling coefficient for the modes of the neighboring waveguides, n characterizes the scattering strength of the Bragg grating, is the nonlinear coefficient, and the group velocity far from the Bragg resonance is normalized to unity. For j n j 1, the scaling coefficients are t s 2 0 =c 0 and z s t s c=n 0 , where c is the speed of light in vacuum, 0 is the wavelength in vacuum, 0 is the width of the Bragg resonance for an individual waveguide, and n 0 is the average refractive index.
We reveal that both diffraction and dispersion can be precisely tailored by introducing a phase shift between the otherwise equivalent waveguide gratings, as illustrated in Figs. 1(a) and 1(b). Only two-and three-waveguide nonlinear couplers with in-phase gratings were analyzed before [13] [14] [15] . Here we consider the effect of a linear phase shift of the gratings across the array characterized by the scattering coefficients n expÿi'n. With no loss of generality, we can take to be real and positive. Then the wave propagation in the linear regime (at small intensities) can be fully defined through the properties of FloquetBloch eigenmodes, u n u 0 expiKn iz ÿ i!t, v n v 0 expiK 'n iz ÿ i!t, where K and are the transverse and longitudinal components, respectively, of the Bloch wave vector. After substituting these expressions into the linearized equations (1) (with 0), we obtain the following relations: u 0 ! ÿ 2C cosK v 0 0, u 0 v 0 ! 2C cosK ' 0. These eigenmode equations define the dispersion properties of the Bloch waves !K; , which determine the key features of the wave spectrum. First, the gaps may appear for a certain frequency range, where the propagating waves with real K and are absent. We notice that quasi-2D spectral gaps can indeed appear for the modes localized in the highindex waveguides, i.e., below the light line of the substrate. Second, the spatial beam refraction and diffraction are defined by the shape of the corresponding isofrequency contours. The propagation angle is defined by the value of !; K ÿ@=@K, and the effective diffraction experienced by the beam depends on the curvature,
Below, we analyze how these fundamental characteristics can be controlled by selecting the phase shift ' between the Bragg gratings.
For the in-phase gratings [i.e., when ' 0; see Fig. 1(a) ], the dispersion relation becomes !K; ÿ2C cosK 2 2 1=2 . It follows that the 2D gap appears only when the waveguide coupling is weak, C < =2. The regime of large coupling corresponds to the continuum limit, and our conclusion on the absence of 2D gap in this case agrees with earlier predictions that only quasilocalized states with a large spatial extent may exist in a slab waveguide with a 1D Bragg grating [16] . We also note that the shape of the isofrequency contours is strongly frequency-dependent as the transmission band edge is approached; see Fig. 1(c) . This happens because the position of the one-dimensional frequency gap depends on the propagation direction. Since the direction of wave propagation is defined by normal to the isofrequency curves, the beam refraction is strongly modified as it bends towards the horizontal direction for frequency tuning closer to the gap edge [cf. Figs. 1(e) and 1(g)]. Additionally, the beam is strongly broadened due to enhanced diffraction in the slow-light regime, which drastically reduces the spatial resolution.
We find that the nature of wave dispersion is fundamentally altered for the waveguide structure with out-of-phase 
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shift of the neighboring gratings [i.e., when ' ; see Fig. 1(b) ]. The corresponding dispersion relation has a different form, !K;f 2 ÿ2CcosK 2 g 1=2 . Moreover, for any propagation angle defined by the transverse Bloch wave vector component K, the width and position of the one-dimensional frequency gap remains the same, j!j < . This unusual property leads to remarkable spectral features. First, the 2D (quasi)gap is always present in the spectrum irrespective of the grating strength () and coupling between the waveguides (C). Second, the shape of isofrequency contours does not depend on frequency in the transmission band; see Fig. 1(d) . This means that the beam refraction and diffraction remain the same even for slow light when the band edge is approached; cf. Figs. 1(f) and 1(h). These examples illustrate the effect of beam selfcollimation, when diffraction vanishes for the chosen incident angle. Most remarkably, the self-collimation behavior is preserved for the slow-light regime as well.
The unique features of linear spectrum in arrays with phase-shifted gratings suggest that these structures provide optimal conditions for a nonlinear control of the pulse dynamics. In particular, since the 2D gap appears for any values of the grating strength and waveguide coupling, it is possible to choose these parameters independently in order to balance the rates of dispersion and diffraction. This allows for simultaneous compensation of the pulse broadening in space and time and the formation of light bullets [17] [18] [19] through the nonlinear self-trapping effect. Indeed, we find numerically localized solutions of Eqs. (1) for stationary and moving light bullets of the form of solitary waves fu; vg n z; t fũ;ṽg n z ÿ Vt expÿi!t, where V is the propagation velocity. We confirm that localization is possible in the cases of both positive ( 1) and negative ( ÿ1) nonlinear response, since anomalous or normal dispersion regimes can be accessed on either edge of the photonic band gap. The soliton solutions for different signs of can be mapped by changing ! ! ÿ! and making a corresponding transformation of pulse profiles. In Fig. 2 , we show the characteristics of immobile solitons such as energy and width vs the frequency detuning inside the band gap for self-focusing nonlinearity. These solitons have a well-pronounced X shape near the upper edge of the gap, becoming more localized inside the gap as the pulse energy is increased. We notice, however, that these are fully localized states that should not be confused with the so-called X waves [20] , which remain quasilocalized only over a finite propagation distance. The gap solitons can also propagate along the waveguides, and we present the characteristics of moving solitons in Fig. 3 . These slow-light bullets become more extended as the propagation velocity is increased.
Finally, we study spatial steering of pulses across the array. In the linear regime, the pulse broadens in both the transverse and longitudinal directions Fig. 4(h) ] closely resembles the shape of the soliton solution in Fig. 3(d Fig. 4 correspond to experimentally feasible conditions of the input pulse duration 170 ps and device length 27 mm. Control of shorter pulses may be realized in deeper gratings with larger bandwidth.
In conclusion, we have revealed that both spatial diffraction and temporal dispersion can be engineered independently near the edge of the photonic band gap in the waveguide arrays with phase-shifted Bragg gratings. We have shown that such structures possess quasi-twodimensional photonic band gaps and provide optimal conditions for self-localization of pulses in nonlinear media. We have demonstrated that these waveguide arrays can be employed for shaping and control of optical pulses simultaneously in space and time and allow the formation of optical bullets propagating with slow group velocities. Such slow-light optical bullets offer novel possibilities for alloptical switching, steering, and control of short pulses.
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